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ABSTRACT: Fluorescent proteins (FPs) are indispensable markers for two- ,(9
photon imaging of live tissue, especially in the brains of small model organisms. The °)Q °7Q
quantity of physiologically relevant data collected, however, is limited by heat- 7’
induced damage of the tissue due to the high intensities of the excitation laser. We

seek to minimize this damage by developing FPs with improved brightness. Among

FPs with the same chromophore structure, the spectral properties can vary widely /

due to differences in the local protein environment. Using a physical model that XX &

describes the spectra of FPs containing the anionic green FP (GFP) chromophore,

we predict that those that are blue-shifted in one-photon absorption will have W
stronger peak two-photon absorption cross sections. Following this prediction, we o
present 12 blue-shifted GFP homologues and demonstrate that they are up to 2.5

times brighter than the commonly used enhanced GFP (EGFP). AIJ

P l euroscience research needs better tools for large-scale absorption (1PA) and two-photon absorption (2PA) properties

study of neural circuits." These tools include genetically for a series of FPs with the same chromophore structure but

encoded fluorescent proteins (FPs),” which can be incorpo- different local protein surroundings.'”'* Here we use these
rated into biosensors,” and hardware such as two-photon (2P) relationships to predict a correlation between the 1PA peak
microscopes.” Two-photon laser microscopy (2PLM) enables wavelength and the 2PA maximum cross section for FPs with
recording from large populations of neurons at greater sampling the anionic green FP (GFP)-type chromophore. Specifically, we
rates and depths than are attainable with one-photon excitation will show that FPs with 1PA spectra shifted to shorter
microscopy.”® The high intensities of near-infrared lasers wavelengths tend to have stronger 2PA.
(700—1300 nm) required for 2PLM, however, constrain the The primary factor responsible for FP to FP variation of both
illumination time due to inevitable tissue damage through the 1PA and 2PA properties is the internal electric field E
multiphoton-induced photochemistry of intrinsic cellular created by the protein environment surrounding the
chromophores’~'® or heating, which is more important than chromophore. Any changes in the field E (projected onto the
the former for in vivo imaging of the mouse brain."" Heating of chromophore axis) translate into changes in the difference
the tissue is linearly proportional to the average laser intensity, between the permanent dipole moments in the excited (i) and
and the rate of damage depends exponentially on the elevated ground (ﬂg) states, Ay = p, — Ky This difference represents the
steady-state temperature above a certain threshold.'? By amount of charge transfer from one part of the molecule to
improving the 2P brightness (also known as the action cross another upon electronic excitation. In the case of the S5 — §;
section, defined as the cross section multiplied by the transition in the anionic GFP chromophore, the electron
fluorescence quantum yield) of a FP, an equivalent fluorescence density shifts from the phenolate (P) group to the
signal can be acquired with a lower laser power and thus less imidazolinone (1) group; *~'* thus, Ap points from I — P,
heating. Therefore, the use of brighter FPs would exponentially which we take as the positive direction of axis x. In FPs, Ap
increase the time available for imaging before damaging the depends on E because the field-induced part Ap;,q must be
tissue and make it possible to extract more information from
the living brain. Received: April 19, 2017

How can we find 2P brighter FPs? Previously, we established Accepted: May 22, 2017
unified structure—property relationships for the one-photon Published: May 22, 2017
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Table 1. 1PA, Fluorescence, and 2PA Properties of FPs Described in this Letter, Ordered by 2P Brightness (last column)

1PA peak emission peak
protein (nm) (nm) (pb (ilO%)

eqFP486 445 486 0.81

Rosmarinus 437 482 0.85
amFP486/K68M 458 489 0.93

dTFP0.2 461 489 0.83 (0.68)**
meleCFP 453 486 0.86 (0.74)**
meffCFP 465 490 0.80 (0.55)**

Taml 452 486 0.82

efasCFP 462 490 0.88 (0.77)**

EG-4 438 485 0.88

dsFP483 439 483 0.76 (0.46, 0.78*")
KCyG4219 457 488 0.83 (0.80)**
amFP486 455 486 0.75 (0.24, 0.7177)
EGFP 489 510 0.76 (0.61)*
mNeonGreen 506 517 0.78 (0.80)*°

2PA peak Crma (GM) (€)Y
e (M em™) (£1%) (nm) (£13%) (£16%)

49900 856 125 100

45000 852 110 95

51500 862 94 87

45000 (60 000)* 869 100 85
47 400 (47 400)** 857 90 77
61000 (88 600)™* 872 92 74
46 300 866 81 66

57000 (40333)** 867 73 64
46 000 853 70 62

46000 (23 900)* 856 78 59
38000 (21100)* 862 69 57
49200 (40 000)** 861 75 56
58300 (55000)* 911 54 47
116 000 (116 000)*° 944 29 23

“All photophysical parameters are presented per single mature chromophore. “Fluorescence quantum yield. Relative errors of measurements are
shown in parentheses. “Extinction coefficient. “2PA maximum cross section. “2P brightness. IThe value of 41 GM presented here for the 2P
brightness of EGFP corresponds to that reported by Blab et al.** but does not match the value of 30 GM previously obtained by Drobizhev et al.*
This is likely due to the difference in the measured extinction coeflicient used to evaluate the chromophore concentration in the 2PA cross section

measurement. The value of 46000 M™! cm™

published in Drobizhev et al.”” was based on fluorescence lifetime measurements with 400 nm

excitation and the Strickler—Berg equation relating the extinction coeflicient and radiative lifetime. However, 400 nm light causes fluorescence of the
transient anionic I* state, not the steady anionic B* state, whose lifetimes differ by a factor of 1.26, that is, 3.4 vs 2.7 ns.** This led to an

underestimation of the extinction coefficient and 2PA cross section by the same factor in Drobizhev et al

1.29

considered in addition to the vacuum part, Ag,.' ™' In a one-
dimensional approximation, A,y = AaE, where Aa is the
difference of polarizabilities along the x direction between the
excited and ground states and A4 and E are the projections
of the Ap, 4 and E vectors on the x axis. The total Au value
along the x axis is therefore a linear function of E*

Ap = Apy + AaE (1)

Importantly, changes in the electric field due to mutation-
induced alterations in the protein environment and the
consequential changes in Ay will cause variations in the 1PA
and 2PA properties.

In the case of 1PA, the chromophore transition frequency
undergoes a field-dependent Stark shift that is unique for each
FP, and because of non—negligible Apy, g it contains both linear
and quadratic terms of E*¢

_ — 1 2
heZ = hety — Ap,E 2AaE )
where 7 and 7, are the transition frequencies in cm™" (i.e,, 1PA
peak positions) in the presence and absence of a field,
respectively, c is the speed of light, and } is the Planck constant.
Solving eq 1 for E and substituting it into eq 2, we obtain the
dependence of the transition frequency on Apu

A1“02 _ A#Z
2hcAa 2hcAa (3)

Defining A = —(2hcAa) ™" and C = 7 + Apy’/2hcAa, we can
rewrite eq 3 as follows:

v=ruy+

=AM+ C (4)

The quadratic dependence of 7 on Ay with positive
curvature (A = 72 cm™ D7 with Aa = =35 A?) and y-
intercept C = 19300 cm™" was demonstrated experimentally for
numerous FP variants with the anionic GFP chromophore."*
Because A« is negative, we can predict that applying the field
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along the P — I direction (i.e., opposite to x) will result in the
increase of Au. An example could involve concentrating
positive charge closer to P or negative charge closer to I This,
in turn, will correspond to a higher-frequency (blue) shift of the
1PA maximum.

In terms of 2PA, it has been observed experimentally that in
FPs with anionic chromophores, the peak transition frequency
of the 2PA spectrum is systematically higher by 1000—2000
cm ™! with respect to the 1PA peak frequency.'® This effect was
explained by an intensification of the vibronic 0—1 transition in
the 2PA spectrum from a Herzberg—Teller-type interaction of
Ap with Q,, a bond-length-alternating vibrational coordinate
whose equilibrium position shifts due to charge transfer upon
excitation.”> Quantum mechanical calculations of the 2PA
spectrum of the anionic GFP chromophore substantiate this
general idea”"”” and even specify the vibrations responsible for
the effect (i.e., the in-plane stretching mode of the exocyclic C—
C=C bond and, to some extent, the stretching mode of the
C=0 bond).”'

This model predicts the following expression for the peak
2PA cross section, assuming a two-level 2PA system

0 max — aAZPA(\/S(AZPA) Ap + \/3(/11PA)HT )2

where a is a constant independent of the local field, ,p, is the
transition wavelength (i.e, one-half of the laser wavelength)
corresponding to the 2PA maximum, £(4,p,) is the peak 1PA
extinction coefficient, £(4,p,) is the extinction coefficient at
Jopa, and HT is a Herzberg—Teller parameter'” assumed to be
independent of the local field. (The two-level approximation for
the S, — S, 2P transition was validated with quantum chemical
calculations using the sum-over-states formula for the anionic
GFP chromophore in vacuum and in 30 different types of local
surroundings corresponding to the broad spectral range of GFP
homologues. Including more than two levels in these
calculations affected the o, value by less than 5%.'*) To the
first approximation, all £(4;p,), €(Aypy), and Ayps can also be
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considered nearly constants over the series of FPs under
investigation.

Combining eqs 4 and 5, we finally get the explicit
dependence of the peak 2PA cross section on the 1PA
transition frequency

02, max = (ﬂVU -C+ y)z (6)

where the new constants are

1/2
p= ( ) and

V= (alZPAE(llPA)HT)l/Z

adypp€ (4 2PA)
A

Note that eq 6 predicts a monotonic (almost linear) increase
of 6, oy as a function of 7. In other words, GFP homologues
with blue-shifted (ie., higher-frequency, shorter-wavelength)
1PA transitions are expected to have higher 2PA cross sections.

To test this theoretical correlation between the 1PA
wavelength and 2PA strength, we measured the 2PA properties
of 12 FPs with the anionic GFP chromophore, including 8
previously described,”>™*° 1 unpublished but deposited in
GenBank (Accession AF545829), and 3 previously undescribed
FPs. These FPs peak in 1PA at shorter wavelengths (<465 nm)
than the commonly used enhanced GFP (EGFP) (489 nm).
For comparison, we also measured the 2PA spectra of EGFP
(Clontech) and mNeonGreen (Allele Biotechnology), a GFP
homologue with extremely bright fluorescence under 1P
excitation.”® These results, along with the 1PA and fluorescence
properties, are summarized in Table 1 and SI Figure 1.

All of the newly investigated blue-shifted GFPs emit cyan
fluorescence (peaking at 476—S00 nm), have 1PA peak
positions between 438 and 465 nm, range in maximum 2PA
cross section (05,,) from 69 to 125 GM, and have high
fluorescence quantum yields (¢ = 0.75—0.95). The peak 2P
brightness values (6, ,¢) range from 57 to 100 GM, which are
higher than those of EGFP (41 GM) and mNeonGreen (23
GM). As expected for blue-shifted FPs, the position of the
maximum 2PA has shifted to shorter wavelengths (837—873
nm) relative to EGFP (911 nm). Interestingly, the blue shifts in
amFP486, the TFP series (including dTFP0.2), and KCy4219
were proposed to be related to the presence of a cationic
histidine residue (H199, H197, and H193, respectively) in close
proximity to the phenolate group of the chromophore.””*”**
This is in agreement with our model that predicts both the
high-frequency shift of the 1PA transition and enhancement of
2PA due to an increase of the Ay value when a positive charge
is concentrated near the chromophore phenolate.

Plotting the new data together with published data™"" as the
cross section (6,) versus transition frequency (7) reveals that
the model prediction is qualitatively accurate: a more blue-
shifted 1PA is associated with a higher 2PA maximum cross
section (Figure 1). The fitted curve is based on eq 6, keeping
the C value constant at 19300 cm™''* and using f and y as
fitting parameters. The quantitative discrepancies of some data
points with the model function (especially at large frequencies)
can be explained by experimental errors and some simplifying
assumptions in our model. For example, we have not
considered the field-related broadening of spectral bands nor
the changes of Franck—Condon factors. Because of this, the
model presented here serves as a qualitative guideline to find
brighter 2P GFP homologues.

29,30
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Figure 1. Correlation between 6, ,,, and the peak 1PA position. The
fitted curve is based on eq 6 in the text. Error bars are at +13%.

Four proteins stand out in terms of their 2PA cross sections
and brightness: eqFP486 (GenBank Accession AF545829),
dTFP0.2,*® amFP486/K68M,””*" and a new hybrid mutant
that we call Rosmarinus (GenBank Accession KY931461).
Their respective 2PA, 1PA, and emission spectra are presented
in Figure 2. Notably, the 2PA spectrum of each of them is blue-
shifted from double the wavelength of the 1PA spectrum due to
enhancement of the vibronic 0—1 transition, as described in our
model. This shift, as well as alkaline titration experiments
(showing no change of the absorption spectrum before the
onset of denaturation), suggests that the chromophore is
present in the anionic state in these proteins. For the neutral
chromophore, the 1PA and 2PA spectra coincide.””*” While
eqFP486 is the brightest (6, = 100 GM), Rosmarinus is a
more efficient folder (see the Methods section) and is similarly
bright (6@ = 95 GM). The protein dTFP0.2 is a dimer
precursor to mTFP1 with a slightly blue-shifted 1PA spectrum.
A single-point mutation of the wild-type protein amFP486,
K68M, confers it with increased brightness under both 1p3!
and 2P excitation. These four proteins are highlighted as
potential markers for 2P imaging, but they have yet to be fully
optimized for in vivo work.

Depending on the imaging application, the oligomerization
state of FP probes can be important.”* " To evaluate the
oligomerization state of Rosmarinus, eqFP486, and amFP486/
K68M, we determined their rotational correlation time and
hydrodynamic volume by measuring the dependence of
fluorescence anisotropy on solution viscosity with Perrin
plots (see SI Figures S2—SS and the SI). At low micromolar
concentrations (5—6 uM) in buffer solution, eqFP486 is a
dimer while amFP486/K68M and Rosmarinus are tetramers. At
lower concentrations (~1.2 M), amFP486/K68M and
eqFP486 become monomeric, but Rosmarinus remains
tetrameric and becomes dimeric only at nanomolar concen-
trations (~70 nM). Thus, these FPs may be useful for imaging
applications that do not require monomers.*™’

An important implication of our findings is that FPs that are
very bright under 1P excitation are not necessarily bright under
2P excitation. This is clearly illustrated by comparing the 1P
and 2P brightness of Rosmarinus, EGFP, and mNeonGreen
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Figure 2. eqFP486, Rosmarinus, amFP486/K68M, and dTFP0.2 spectra: 2PA, 1PA, and emission. The top axis shows the transition wavelengths for
1PA and emission spectra, and the bottom axis shows the laser wavelengths for the 2PA spectra. The left axis is the 2PA cross section, and the right
axis is the 2P brightness, which is scaled equally to show differences between FPs. The 2PA fit is displayed as a guide to the eye. The 1PA and the
fluorescence emission spectra (excitation 450 nm) are normalized to the intensity of the 2PA peak.

(Figure 3). While mNeonGreen is about two times brighter
than the other two proteins in 1P, it is nearly two times dimmer

100 -
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Figure 3. Absolute 1P (top) and 2P (bottom) brightness of
Rosmarinus, EGFP, and mNeonGreen plotted versus the excitation
wavelength. &, extinction coeflicient; ¢, fluorescence quantum yield;
0,, 2PA cross section.

than EGFP and four times dimmer than Rosmarinus in 2P.
According to our model, this can be attributed to its red-shifted
1PA spectrum. Although the model as presented solely applies
to the anionic GFP chromophore, much of the background
comes from studies of the red FP chromophore,"”"’ and a
similar analysis to find 2P-brighter red FP variants is warranted.
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Our findings suggest that efforts to optimize FPs for 1P and
2P imaging should proceed independently because the
desirable properties for each type of excitation may be
incompatible. Blue-shifted forms of GFP have been used for
some applications (e.g, FRET),”® but they have not been
widely adopted in imaging. This is largely because a blue-shifted
absorbance is poorly suited for 1P imaging due to increased
phototoxicity, tissue absorbance, and scattering. The surprising
result presented here is that these obscure proteins may be
important tools for 2P imaging: a FP with a more blue-shifted
1PA is likely to have a stronger 2PA peak. While this will also
be blue-shifted to some degree, it will still fall in the range of
~850—870 nm, which is well within the near-IR optical window
where tissue is most transparent to light and illumination-
dependent heating is minimized. Water absorption decreases at
shorter wavelengths, and lipid absorption has a peak at 930 nm
with much weaker absorption at 850—870 nm.” Additionally,
these wavelengths are ideal for the conventional Ti-Sapphire
laser that is often used for 2P imaging. One can assume that
blue-shifted fluorescence would not cause major issues in 2P
imaging because, although the scattering is higher, 2P
microscope objectives with large numerical aperture and low
magnification will still gather most of the photons.*” With a
brighter 2P probe, less laser power is needed for the same
fluorescence signal, and more imaging can be completed
without causing damage to the tissue. Our model relating the
1PA peak position and 2PA cross section led us to blue-shifted
GFP homologues up to 2.5 times brighter than EGFP. These
FPs are highly promising starting points for further
optimization of their 2PA properties.

B METHODS

Protein Purification. Proteins were expressed and purified as
described in Barnett et al.*> All measurements were carried out
in elution buffer, 1X PBS with imidazole at pH = 8, except for
dTFP0.2 and Taml, which were in 1X TBS at pH =~ 7.5.

DOI: 10.1021/acs.jpclett.7b00960
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Folding Rates. Relative folding rates were determined by
qualitative observation of E. coli colonies expressing the protein
of interest after 16 h of incubation at 37 °C and the subsequent
time at room temperature that it took for them to appear
fluorescent.

Fluorescence Quantum Yield. To measure the fluorescence
quantum yield (), emission spectra were collected with the
PC1 spectrofluorimeter (ISS), using fluorescein in 1 M NaOH
as a reference standard. A correction function (created in the
ISS software with quinine sulfate in 1 M H,SO,) was applied to
the spectra to adjust for spectral sensitivity of the detection
system, and the integral under the curve was divided by the OD
at the excitation wavelength to find the quantum yield relative
to that of fluorescein (¢ = 0.95).*° All samples had a maximum
OD < 0.1 to avoid reabsorption effects.

Extinction Coefficients. Alkaline titrations were performed for
each protein with 1 M NaOH, with absorption spectra collected
at every titration step until the peak at ~447 nm of the
denatured chromophore reached its maximum. The peak
extinction coeflicient of the protein was calculated by dividing
the initial maximum OD over the final maximum OD (after
correcting for the volume of added NaOH) and multiplying
that by the extinction coeflicient of the denatured chromophore
(44100 M~ em™).*

For several of the proteins (meffCFP, efasCFP, EG-4,
eqFP486, and dsFP483), it was not clear when the denatured
form peaked; therefore, in addition to the aforementioned
method, fluorescence detection with an alkaline titration was
used. The sample was excited at 450 nm, and emission was
collected at 490 nm; the titration was stopped when the
fluorescence signal dropped to 1000 times below its initial value
and leveled off, an indication that the protein had fully
denatured. The OD was measured before and after
denaturation, and the same calculations as before were applied
to determine the extinction coeflicient.

Two-Photon Measurements. Two-photon (2P) characteriza-
tion was performed as in Barnett et al.” Briefly, 2P excitation
spectra and 2PA cross sections were measured using femto-
second excitation (with the tunable femtosecond laser InSight
DeepSee, Newport) and fluorescein in 1 M NaOH as a
reference standard.”®*’ The fluorescence signal was collected
with the 2P microscope setup (MOM, Sutter Instruments)
from a 1 mm thick spectroscopic cell containing the sample.
For the 2P excitation spectra, a 480/30 filter (Semrock) was
used in the emission channel. 2PA cross sections at 840 and
900 nm were measured with collection of fluorescence through
a 535/10 nm narrow bandpass filter (custom-made). The 2P
excitation spectra were then normalized to those cross sections,
and the average of the two are presented. OriginLab was used
to fit 2—3 Gaussian peaks to the averaged spectrum of each
protein, with the peak value of the summed curve presented in
Table 1 as the 2PA maximum cross section. The 2P excitation
spectrum of EGFP measured with this setup was compared to
published data,” and the shape and the absolute value
coincided within experimental errors.

Development of New FP Variants, Rosmarinus, EG-4, and
Taml. Rosmarinus was made using PCR and the In-Fusion
cloning technique (Clontech) to fuse the front half of the
coding region for mc5™° to the back half of meleCFP** at a five
amino acid identical stretch in their coding sequences. EG-4 is a
tetrameric cyan FP cloned from the large polyp stony coral
Euphyllia glabrescens (full description in preparation). Taml
was discovered by colony-based screening of libraries of
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randomly mutated dTFP0.2.”® The gene encoding dTFP0.2
was used as the template for error-prone PCR.*> The forward
primer contained an Xhol, site and the reverse primer contained
an EcoRI site, and following digestion, the resulting product was
ligated into the corresponding sites of pPBAD/His B (Thermo-
Fisher Scientific). The fluorescence of colonies (~10 000 total)
on Petri dishes was imaged using a custom imaging system.’
The brightest (excitation at 470/40 nm and emission at 510/20
nm) and most blue-shifted (ratio of emission at 470/40 to 510/
20 nm, with excitation at 436/20 nm) colonies were picked and
cultured overnight. Proteins were extracted using BPER
(ThermoFisher Scientific), and spectra were collected with a
Safirell platereader (Tecan). The brightest and most blue-
shifted variant was designated as Taml and is equivalent to
dTFP0.2 Q66L.
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